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Abstract: A frequency-stable, broadband laser is presented for experiments on trapped ions.
Since the design is based on widely available semiconductor optical amplifier technology, sim-
ilar lasers can be realized for virtually any wavelength in the near-infrared, and the coherence
properties and output power allow for efficient second harmonic generation. No closed-loop
frequency stabilization for addressing Doppler- or naturally-broadened, dipole-allowed transi-
tions is needed, and the light source can be turned on and off during a measurement cycle with
sub-microsecond response time. As a case study, a 921.7-nm laser with an output power of
20 mW and a linewidth of 10 GHz is realized, which is then frequency doubled to 460.9-nm for
excitation of strontium as the first step in photo-ionization. The excitation efficiency is compared
to that achievable with a narrow-linewidth distributed Bragg reflector laser as well as to theory.
© 2019 Optical Society of America
1. Introduction
Trapped ions are used in various fields of physics, e.g., in quantum information processing [1,2]
mass spectrometry [3,4] and optical time and frequencymetrology [5–7]. Producing the ions and
manipulating their states require a considerable ensemble of lasers, electro-optics and control
electronics. Especially considering transportable experiments and future more wide spread use
of these technologies, it is of considerable interest to find simple and robust approaches for each
part of the experimental setups.
There is a large number of experiments on ions without hyperfine structure, 40Ca+, 88Sr+
and 138Ba+ being the most common ones. In addition to lasers for photo-ionization, most of
these experiments incorporate lasers for the 2D3/2 → 2P1/2 transition (at 866 nm, 1092 nm, and
650 nm, respectively) and for the 2D5/2 → 2P3/2 transition (at 854 nm, 1033 nm, and 614 nm,
respectively). Some also use the 2D3/2 → 2P3/2 transition (at 850 nm, 1004 nm, and 586 nm,
respectively). The lack of hyperfine structure means that the light sources employed do not need
to be narrowband in order to distinguish states within a narrow hyperfine manifold.
In [8,9] the use of turn-key, broadband light sources based on amplified spontaneous emission
were proposed and demonstrated for repumping and clock state clear out for a 88Sr+ single-ion
clock. These sources require no frequency stabilization and can be electronically turned on
and off during the measurement cycle; however, while the presented schemes work well for the
transitions in question, the achievable power spectral densities (PSD) remain low and insufficient
for weaker transitions. Here, simple schemes for achieving PSDs and modulation bandwidths
orders of magnitude higher are presented. As a case study, the 460.9-nm 1S0 → 1P1 transition
in neutral strontium is driven, which is the first step in producing ions via two-step photo-
ionization [10, 11]. In this first step, atoms are excited by a laser, which can provide isotope
selectivity (see e.g. [10, 12–15]). For Sr, however, the frequency shift between the 1S0 → 1P1
transition in 88Sr (natural abundance 83%) and the nearest hyperfine component (corresponding
to 1P1, F = 7/2) in the thirdmost abundant isotope 87Sr (7%) is only−8MHz [16]. Considering
the natural linewidth ∆ν = 30.24 MHz [17] of the transition, this makes fully isotope selective
loading of 88Sr from a naturalmixture difficult, but fortunately its abundance is high. All the less
Research Article Journal of the Optical Society of America B 2
ISO FP G
SOA
BS
NDF
(a) ISO FP G
SOA
BS
NDF
(b)
FS
Fig. 1. Broadband ring laser with (a) and without (b) modulation. ISO: optical isolator;
BS: beam splitter; FP: temperature-controlled Fabry-Pérot etalon; G: grating; SOA: semi-
conductor optical amplifier (Superlum SOA-472); NDF: neutral-density filter; FS: fiber
spool.
abundant isotopes (86Sr, 87Sr, 84Sr) can be selectively photo-ionized using a narrow-linewidth
laser orthogonal to a well-collimated atomic beam and with a sufficiently low intensity to avoid
saturation broadening. An isotopically enriched source would, of course, largely eliminate
loading problems relating to isotopes.
In the second photo-ionization step, an extremely broad (∼ 1 nm) transition involving an
auto-ionizing state can be used, which can be driven with cheap, unstabilized (blue-ray) laser
diodes [18]. In the case of Ca [19] and Ba [15], light-emitting diodes (LEDs) have also proved
effective.
The laser architecture presented below together with the ASE light sources [8, 9] means that
all ’auxiliary’ light sources (excitation, ionization, repumper and clear out) needed for operating
a Sr+ clock can be built into a small form factor without extensive and expensive customization
and operated intermittently in a clock cycle without active frequency stabilization. The general
design principles in this workwere to construct a light source in the near infrared (921.7 nm)with
a spectral line broad enough to accommodate the frequency drift remaining after simple passive
frequency stabilization but still narrow enough to enable efficient second harmonic generation
(SHG) to the blue part of the spectrum (460.9 nm) and to provide sufficient PSD.
2. Setup
Achieving high PSD with low total power output means that the spectral bandwidth has to be
relatively small; thus, very narrowband spectral filtering and subsequent amplification of high-
power super-luminescentLEDs that have recently becomewidely available is not an option, since
the microwatts of power available after filtering will not be sufficient for properly seeding an
amplifier. Since adding filtering and amplification stages increases cost and complexity, what is
needed is a high PSD to begin with, which is only available through lasing action. While several
different cavity configurations can be used in constructing a laser, here we have implemented a
ring cavity (Fig. 1) with a semiconductor optical amplifier (SOA) as the gain element. For low
input levels, a SOA in a ring cavity behaves as an inhomogeneously broadened gain medium,
resulting in multimode operation with a mode spacing determined by the cavity length. Control
of the bandwidth and center wavelength is achieved in two steps (Fig. 2a): a grating for coarse
tuning at the nanometer level, and a simple, temperature-controlled planar etalon for fine tuning
and wavelength stabilization. Here the etalon consists simply of a 0.5-mm thick disc of fused
silica (parallelism <10") coated on both sides with a 94% reflective coating. The experimental
and theoretical transmission of this etalon at normal incidence is shown in Fig. 2b. Themeasured
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Fig. 2. (a): Schematic of spectral filtering. A ruled diffraction grating provides coarse filter-
ing (gray) of the longitudinal cavity modes (black) under the SOA gain envelope (brown).
Centre frequency and bandwidth is determined by a temperature-controlled thin solid-glass
etalon (blue). (b) Experimental (blue) and theoretically expected (brown) transmission for
the 0.5-mm fused silica etalon used in this work.
finesse is about 30, surprisingly close to the theoretical value of 48 considering the planar-planar
geometry.
The center frequency of the etalon is sensitive to temperature, pressure and the angle of
incidence. Ignoring the thin coatings, the temperature sensitivity is calculated to be 2 GHz/K,
pressure sensitivity as small as 3 kHz/Pa, and the sensitivity to the angle of incidence 50GHz/deg;
therefore, it is possible to control the frequency drift to ≪ 1 GHz by simply controlling the
temperatureof the small glass plate and by ensuring that the input coupling ismechanically stable.
This, in turn, means that if the linewidth is, say, 5-10 GHz, then no frequency stabilization other
than a modest control of the etalon temperature is needed. In this work, the etalon is suspended
between two silicone o-rings and the temperature of the housing is controlled using a highly-
stable glass-bead thermistor as the temperature sensor [20, 21].
To be able to reliably address dipole-allowed transitions with a natural linewidth of a few
tens of MHz, the gaps of 250 MHz between the longitudinal modes need to be removed. There
are two approaches to this: adding noise or modulation into the bias current of the amplifier
(Fig. 1a) or increasing the cavity length (Fig. 1b). A noisy current source would be the method
of choice for a short cavity; however, when using discrete components with fibre coupling as in
this work, the ratio of cavity length to gain medium length becomes so large that the modulation
would need to be extremely strong; therefore, a 10-m fibre spool was added in order to reduce
the mode spacing to 19 MHz (Fig. 1b). Approximately 90% of the power available after the
isolator was coupled out of the cavity, which turned out to be too small a fraction. A neutral
density filter (OD 0.5) had to be inserted before the amplifier; otherwise occasional jumps to
single mode operation were observed when optimizing the cavity alignment.
3. Results
The output beamquality is very good owing to the single-mode-fiber-coupled SOA.The spectrum
at an output power level of 20 mW is shown in Fig. 3a (blue trace), which was obtained
by scanning a single-mode distributed Bragg reflector (DBR) laser across the spectrum while
recording the beat note using a radio frequency (RF) spectrum analyzer and the DBR laser
wavelength using a wavemeter. The RF power was averaged over one longitudinal mode spacing
(19 MHz) in order to bring out the envelope and avoid clutter due to the drifting longitudinal
modes underneath it. The mode-averaged PSD is 3-4 orders of magnitude higher than in the
un-amplified broadband sources presented in [9]. The comb-like RF power spectrum, shown in
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Fig. 3. (a) Optical spectrum of the broadband laser (blue) and SHG efficiency of the
periodically-poled lithium niobate waveguide (red). (b) RF spectrum showing the beat note
between hundreds of longitudinal modes.
Fig. 3b, reveals the beating between the hundreds of longitudinal modes.
While the center frequency of the broadband laser (BBL) is mainly determined by the etalon,
the spectral width is also affected by the SOA gain, i.e., by its operating temperature and bias
current, and by losses in the rest of the cavity. Close to threshold, the sensitivity of the spectral
width to these parameters will of course be large, but when the laser is driven well above
threshold, the changes become minor. Given an etalon, the spectral width can be adjusted by
several GHz by selecting a suitable combination of bias current and cavity loss. The higher the
SOA gain, the higher the output power and the larger the spectral width. In this work, the SOA
was operated close to maximum bias current in order to have efficient SHG.
Since the spectral properties are largely determined by the etalon and since multimode oper-
ation is allowed, the SOA does not require a stable, low-noise current controller. Indeed, the
spectrum in Fig. 3a does not change even when the SOA is powered directly from a laboratory
power supply (voltage source) with only a resistor limiting the current. In the cavity configura-
tion used throughout this work, the length of the gain element is but a small fraction of the cavity
length (Fig. 1b), which means that the behaviour of the individual longitudinal modes under-
neath the spectral envelope is also largely unaffected; however, in a short-cavity configuration,
this would become close to what is depicted in Fig. 1a, where a noisy current source is used to
broaden the modes to close the spectral gaps between them. Also in stark contrast to alternative
lasers based on semiconductor gain media, such as DBR and distributed feedback (DFB) lasers,
the gain element does not require a temperature controller (TEC). Disengaging the TEC of the
SOA only results in reduced gain and, therefore, in lowered power output and in minor changes
to the spectrum as explained above, the centre frequency still being determined by the etalon. A
corollary of the insensitivity to the gain media temperature is that the BBL can be turned on and
off by modulating the SOA bias current with sub-microsecond response times. Contrary to this,
the DBR laser used above to characterize the spectrum takes several tens of seconds to settle
ones the bias current is turned on, even if the TEC is engaged continuously. This temperature
insensitivity means that in non-power-critical applications, the TEC can also be dropped. In this
work, maximum power output was required for efficient SHG, so a TEC was used to keep the
gain element slightly below room temperature.
In order to check the excitation probability of the 1S0 → 1P1 transition in Sr, the near infra-
red light was frequency doubled in a 22-mm-long periodically-poled lithium niobate waveguide
(NTT Electronics WH-0461-000-A-B-C) to 460.9 nm. The SHG efficiency is shown in Fig. 3a
(red trace) for the DBR laser. Since the coherence length of the broadband source is still larger
Research Article Journal of the Optical Society of America B 5
pi
xe
ls
10
20
30
0
0.1
0.2
0.3
pixels
10 20 30
si
gn
al
 (a
.u.
)
0
0.1
0.2
0.3
(a)
pi
xe
ls
10
20
30
0
0.5
1
pixels
10 20 30
si
gn
al
 (a
.u.
)
0
0.5
1
(b)
Fig. 4. Strontium fluorescence due to the broadband source (a) and the DBR laser (b) as
seen by a CCD camera with a ∼15-degree viewing angle with respect to the laser beam. In
(b), the laser was tuned to maximum efficiency. Note the factor of three difference in colour
scales. The bottom graphs show cross-sections through maximum fluorescence. The width
of the images correspond to ∼7 mm.
than the optical length of the doubling crystal, only a small (∼20%) drop in efficiency was
observed compared to the DBR laser. The frequency doubled light was sent at near-normal
incidence into a thermal beam of Sr produced by a Sr dispenser (Alvatec AS-2-Sr-45-F) inside
a small vacuum cell, and the fluorescence was recorded by a camera positioned behind the exit
window. The angle between the optical axis of the camera objective and the laser beam was
only ∼15 degrees; still, the fluorescence due to the broadband source (Fig. 4a) appears clearly
elongated compared to that of the laser (Fig. 4b), which indicates that a much wider part of the
velocity distribution is being addressed. At an equal power level of 1 mW (0.88 mW inside
vacuum cell) and with a beam waist w = 170 µm, the excitation efficiency due to the DBR laser
is estimated to be approximately 3.3 times stronger. According to the theory presented below,
the efficiencies would be almost equal for a beam waist of 40 µm.
4. Theoretical fluorescence rates
In the following, we derive simple equations comparing the excitation probability (or fluores-
cence rate) of a BBL compared to that of a narrow-band laser for interaction with an ensemble
of Doppler-broadened two-level atoms. These relations can be used to estimate the amount of
BBL power needed to replace a narrow-band laser in a certain application.
The numerical results below correspond to the experiment described above. The 1S0 → 1P1
transition in 88Sr is well approximated by a two-level system, as the branching ratio to the
1D2 level is very small (∼ 1 : 5 × 104) [22] and the transition amplitudes to all three Zeeman
sublevels are the sameC = 3−1/2 (for a definition ofC, see Eq. (7) in [23]). The nearly transverse
(∼86 degrees) velocity distribution of the Sr flux from the dispenser was measured using the
DBR laser and was found to be a Maxwell-Boltzmann distribution,
pv(v) = 1√
πvmp
exp
(
− v
2
v
2
mp
)
, (1)
with a FWHM Doppler width of ∆ωD = 2(ln 2)1/2kvmp = 2π × 1.4 GHz, where k is the wave
number. This corresponds to a most probable velocity of vmp = (2kBT/m)1/2 = 390 m/s, where
kB is the Boltzmann constant and m the atomic mass. This is equal to a temperature T = 800 K
(in agreement with the dispenser datasheet).
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The characteristic interaction timeof the atomspassing through the laser beam is∼ 2w/(
√
2vmp) =
600 ns (
√
2vmp is the longitudinal rms velocity of the atomic beam). As this is much longer than
the timescale at which the internal state of the atoms reaches steady state, Γ−1 = (2π∆ν)−1 = 5 ns,
we can use the steady-state solution of the densitymatrix equations. The excited-state population
of a two-level atom with the velocity v along the laser beam direction is then given by
ρee(v) = (Γ
∗/Γ)(Ω/2)2
(δ − kv)2 + (Γ∗/2)2 + 2(Γ∗/Γ)(Ω/2)2 . (2)
HereΩ is the Rabi frequency and δ is the detuning from resonance for an atomwith zero velocity
along the laser beam direction. The effect of a finite laser linewidth (spectrum assumed to be
Lorentzian for simplicity) is accounted for by setting the dephasing rate of the optical coherence
to Γ∗/2, where Γ∗ = Γ + ∆ωlaser is the sum of the natural linewidth and the linewidth of the
laser [24]. If the linewidth of the laser is much narrower than the natural linewidth, we obtain
the usual two-level expression.
For the DBR laser, we have ∆ωDBR ≪ Γ ≪ ∆ωD. Thus, when calculating the velocity-
averaged population 〈ρee〉 =
∫ ∞
−∞ ρee(v)pv(v)dv, the velocity distribution will be approximately
constant over the range around v = δ/k where the Lorentzian is non-zero and it can be taken out
of the integral. Integrating over the Lorentzian then gives
〈ρee〉DBR =
√
π
kvmp
(Ω/2)2
(Γ/2)
√
1 + 2(Ω/Γ)2
, (3)
where we have assumed to be near resonance, δ ≪ kvmp, and have set Γ∗ = Γ.
For the broadband laser, on the other hand, we have Γ ≪ ∆ωD ≪ ∆ωBBL. This means that
the Doppler shift in the denominator of Eq. (2) is negligible and no integration over the velocity
distribution is required. If we additionally assume δ ≪ ∆ωBBL, the excited-state population
becomes
ρee,BBL =
Ω
2
∆ωBBLΓ
[
1 + 2Ω2/(Γ∆ωBBL)
] , (4)
i.e., it depends only on Ω2/∆ωBBL, which is proportional to the peak PSD of the (assumed)
Lorentzian spectrum, PSD0 = 2P/(π∆ωBBL), where P is the total power. We therefore choose
∆ωBBL/2π = 11 GHz to make PSD0 equal to the actual experimental PSD at resonance.
The Rabi frequency can be evaluated asΩ = C
µ
~
√
2I
ǫ0c
, where ~ is the reduced Planck constant,
ǫ0 is the vacuum permittivity, and c is the speed of light [23] . The reduced matrix element is
µ = 5.248ea0 [17, 25], where e is the elementary charge and a0 is the Bohr radius. We neglect
the Gaussian beam profile and use the average intensity I = P/(πw2). For the waist w = 170 µm,
this gives the Rabi frequency in units of Γ as Ω/Γ =
√
P/73 µW.
Using Eqs. (3–4), we can then calculate the ratio of the fluorescence rates for the DBR
laser and the BBL, which for P = 0.88 mW becomes 2.5, in reasonable agreement with the
experimental value of 3.3 considering the simplemodels used and the experimental uncertainties.
Equating Eqs. (3) and (4), we can solve the BBL power required to obtain the same velocity-
averaged fluorescence rate as for a certain DBR power. Figure 5(a) shows this for the Doppler
width and beam waist used in the experiment. We see that the use of a BBL is the most
efficient in the intermediate range, where the DBR is affected by saturation, but the BBL is not.
Figure 5(b) shows the BBL power required to obtain the same velocity-averaged fluorescence
rate as for 1 mW of DBR power as a function of Doppler width over the range where both
Eq. (3) and Eq. (4) are valid. Finally, Fig. 5(c) shows how the BBL-DBR fluorescence ratio
〈ρee〉BBL/〈ρee〉DBR depends on the beam waist.
If one wants to use a BBL with cold ions or atoms, Eq. (4) is still valid. The comparison with
a narrowband laser can in this case be made using Eq. (2) by setting v = 0. With the narrowband
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Fig. 5. (a) BBL power required to give same velocity-averaged fluorescence rate as DBR
laser power on horizontal axis for the velocity distribution and waist size in the experiment
(solid). The vertical and horizontal dashed lines show the saturation powers of the DBR
laser and the BBL, respectively. (b) BBL power required to give same velocity-averaged
fluorescence rate as 1 mW of DBR laser power. The dashed line is the saturation power. (c)
Expected BBL to DBR laser fluorescence ratio as a function of beam waist. The dashed
red line indicates the experimental beam waist.
laser at resonance (δ = 0), the BBL power required for the same excited-state population (or
fluorescence rate) is then simply given by ∆ωBBL/Γ times the power of the narrowband laser. To
saturate a dipole-allowed transition in a cold ion a power level of the order of 1 µW is typically
needed, so for a BBL with a 10-GHz linewidth, the corresponding value is of the order of 1 mW.
5. Discussion
Set up on an optical breadboard without an enclosure and with discrete, free-space components
and spring-loaded optics mounts, the proof-of-principle broadband laser has been tested inter-
mittently for almost a year in a laboratory environment. During this time the spectral properties
and power output have turned out to be very robust. The observed frequency drift (<2 GHz)
has been well below the linewidth, and most of this drift, if not all, is believed to be caused
by changes in beam alignment as a result of testing different ND filters, moving the SOA fiber
pigtails, and due to vibrations in connection with the spring-loaded mounts.
Especially for transportable experiments, robustness can be further improved by replacing the
bulk optics with fibre optics, that is, with a fibre Bragg grating (FBG) replacing the grating, a
fused splitter for output coupling as well as a fiber-coupled isolator. The grating could also be
replacedwith a narrowband interferencefilter or sensitivity to its orientation could be reduced by
using shorter etalons, since this increases their free-spectral range (FSR) and, therefore, lessens
the filtering required by the grating. With a 0.3-mmfused silica planar-planar etalonwith R=96%
we have obtained a finesse of >50 with 90% transmission albeit at 1300 nm. By reducing the
etalon thickness and optimizing the reflection coating, the bandwidth of the broadband laser can
be reduced and the FSR increased, improving robustness and efficiency for driving even weaker
transitions. Moreover, the available output power is more than enough to properly seed a tapered
amplifier, which can boost the output to the watt level.
Compared to DFB/DBR lasers, the presented solution offers several advantages. It is not
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limited to a very narrow wavelength range, it does not require a high-end current controller nor
feedback from a wavemeter once it is set up, and it can be turned on and off on very short time
scales, whereas a DFB/DBR laser will require several tens of seconds to settle once the current
is switched on. For faster modulation, an external mechanical shutter (millisecond control) or an
acousto-optic modulator would be called for, the latter being fast but having a limited extinction
ratio. As for size, the BBL can also be made quite compact. An isolator is most often needed;
in the BBL it is just put inside the cavity. The grating needs space, but it could be replaced by
a small narrowband interference filter. Optical fiber can be coiled very tightly, and, of course,
there is nothing preventing going very small with integrated optics.
Compared to DFB/DBR lasers, external-cavity diode lasers (ECDLs) have the advantage of a
reduced linewidth and broadband tunability. For driving dipole allowed transitions, the linewidth
does not matter, and the tunability comes at the cost of reliability issues associated with mode
hops and considerably added complexity in terms of cavity geometry, high-voltage piezo drivers
and sophisticated control electronics. Mode hops resulting from fast on/off modulation would
also be problematic. The BBL on the other hand, requires minimal electronics, and mode-hops
are not an issue. Therefore, total power consumption can be very low especially in situations
where continous operation is not required, something that is important in, e.g., space applications.
Finally, strontium has a very low vapor pressure at room temperature, and at the high tempera-
tures needed to obtain a sufficient vapor pressure for absorption spectroscopy, the Sr atoms attack
glass surfaces, which prevents the use of simple vapor cells for laser stabilization. Frequently
used alternatives such as dispenser sources [26] and hollow cathode lamps [27] are more com-
plex and have a finite lifetime, which is a further motivation to seek frequency-stabilization-free
solutions for applications requiring compact size and robustness.
6. Conclusion
In conclusion, a general design for broadband, frequency-stable lasers has been described that
should find use especially in future transportable devices using trapped ions. While a ring
laser with a long cavity operating in a multi-longitudinal-mode regime was presented, a linear
and/or short cavity relying on a noisy, or modulated, driver for line broadening should also be
an option. As long as the effective linewidth is much broader than the expected frequency drift
remaining after passive frequency stabilization, no active frequency stabilization or sophisticated
control electronics is needed, which, in turn, means that the device can be turned electronically
on and off in a measurement cycle with sub-microsecond response times. The experimental
fluorescence rates obtained for the Doppler-broadened 460.9-nm transition in Sr agree with
theoretical expectations. The presented expressions are general and also valid for cold atoms
and ions; they can thus be used to estimate the feasibility of replacing a narrowband laser with
a broadband light source for any given transition.
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